Table 1

Characteristics of patients with type 2 diabetes stratified by albuminuria status
Microalbuminuria Normoalbuminuria p

Urinary albumin (mg/gCr) 908 101 0.001
Number of subjects 45 43

M/F 29/16 34/9 0.159
Age (yrs) 65.6+1.2 59.8+1.3 0.001
Systolic blood pressure ( mm Hg) 14043 133+3 0.940
Diastolic blood pressure ( mm Hg) 8142 83+2 0.570
Smoking (yes/no) 9/36 13/30 0.328
Duration of diabetes (yrs) 1711 10.2+1.1 0.314
BMI (kg/m?) 226+03 23.1+03 0.301
Fasting glucose (mg/df) 144+3 138+4 0.256
HbA, (%) 7101 7.0+0.2 0.654
Fasting insulin ( ptd/mi) 6.6+0.6 6.5+0.4 0.540
Triglycerides (mg/dl) 119+8 124+9 0.705
Total cholesterol (mg/d!) 20416 204+5 0.929
HDL chalesterol (mg/dl) 58+2 5942 0.715
LDL cholesterol (mg/dl) 126+5 126+5 0.984
Serum creatinine (mg/d!) 0.77+£0.03 0.75+0.02 0.537
TNF-a (ng/l) 35204 3.2+0.2 0.479
sTNF-R1 (ng/l} 1272171 1084 £33 0.018
STNF-R2 (ng/mi) 2172491 1933+49 0.022
SU/diet 40/5 35/8 0.094
HMG-CoA reductase inhibitor 7/38 5/38 0.284
Bezafibrate 7/38 12/31 0.090
Ca antagonist 11/34 7/36 0.147
ACE inhibitor or ARB 8/37 8/35 0.500

Results

The clinical characteristics and clinical profile between the pa-
tients with microalbuminuria (n=45) and normoalbuminuria
(n=43) were compared (Table1). Urinary albumin concentra-
tions in patients with microalbuminuria and normoalbuminuria
were 90+ 8 (range, 35-282) and 10t 1 (range, 0.6-24.9) mg/g
creatinine, respectively. There was no overlap in the urinary con-
centration of albumin between the two groups. While age was
significantly greater in the patients with microalbuminuria than
those with normoalbuminuria, no significant difference was ob-
served in systolic and diastolic blood pressure, smoking, diabetes
duration, BMI, fasting glucose, hemoglobin A,, or fasting insulin
levels between the two groups. The two groups did not differ
with respect to concentrations of serum triglycerides, total,
HDL, or LDL cholesterol. Although there was no significant differ-
ence in the levels of serum creatinine and TNF-o, soluble TNF-R1
(1,272%71 vs. 1,084 £33 pg/ml, p=0.018), and soluble TNF-R2
(2172 £91 vs. 1933 £ 49 pg/ml, p = 0.022) were significantly high-
er in patients with microalbuminuria compared to those with
normoalbuminuria,

Spearman’s rank correlations of urinary albumin concentration
with measures of variables were calculated for all our diabetic pa-
tients (Table 2). Urinary albumin concentration was positively
correlated with soluble TNF-R1 (r=0.364, p<0.001), soluble
TNF-R2 (r=0.342, p<0.005), age (r= 0.380, p < 0.001), and serum
creatinine (r=0.214, p <0.05). Other variables including systolic
and diastolic blood pressure, TNF-c, and serum lipid profile in-
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cluding triglycerides were not associated with urinary albumin
level. Multiple regression analyses were carried out using the
stepwise procedure,

The analysis included urinary albumin level as a dependent vari-
able and candidate risk factors (soluble TNF-R1, soluble TNF-R2,
age, serum creatinine) as independent variables (Table 2). The
concentration of urinary albumin was independently predicted
by serum concentration of soluble TNF-R1, which explained
26.3% of the variability of urinary albumin concentration in our
patients. Other variables including age, serum creatinine, and so-
luble TNF-R2 were not independently associated with urinary al-
bumin concentration in our non-obese Japanese type 2 diabetic
patients. On the other hand, in a model incorporating BMI and
systolic blood pressure, soluble TNF-R1 was also independently
associated with urinary albumin concentration in our patients
(Table 3).

Discussion and Conclusions

This is the first published observation that soluble TNF-R1 is in-
dependently associated with urinary albumin concentration in
non-obese Japanese type 2 diabetic patients.

Diabetic nephropathy has rapidly become an important public
health problem since it is the leading cause of dialysis in Japan.
Early detection of risk factors causing diabetic nephropathy be-
fore advanced renal damage occurs is therefore an urgent prior-
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Table 2 Correlation of urinary albumin concentration to measures
for variables in diabetic patients
Univariate Multivariate
r p F
TNF-o. 0.127 0.236 -
STNF-R1 0.364 <0.001 321
STNF-R2 0.342 <0.005 0.2
Age 0.380 <0.001 1.9
Serum creatinine 0.214 0.046 0.1
" Gender -0.083 0.440 -
Diabetes duration 0.202 0.060 -
BMI -0.191 0.076 -
Systolic blood pressure 0.189 0.097 -
Diastolic blood pressure -0.079 0.488 -
Fasting glucose 0.104 0.334 -
HbA1, 0.136 0.203 ~
Triglycerides -0.081 0.452 -
Total cholesterol -0.077 0.471 -
HDL cholesterol -0.109 0.310 -
LDL cholesterol -0.094 0.383 -

Table 3 Determinants of urinary albumin concentration by multi-
variate analysis

Model 1 (F) Model 2 (F)
sTNF-R1 32.1 31.0
sTNF-R2 0.2 0.2
Age 1.9 0.7
Serum creatinine 0.1 0.2
BMI - 0.1
Systolic blood pressure - 1.8
R2 0.263 0.280

ity. Microalbuminuria has been shown to be not only an indicator
of incipient nephropathy but also an independent risk factor for
cardiovascular disease [5]. The mechanisms underlying the evo-
lution of microalbuminuria in diabetic patients are not fully clar-
ified. Genetic factors, insulin resistance, glycemic control, blood
pressure, smoking, and lipid abnormalities have been implicated
in albuminuria development in diabetic patients [23].

Inflammation seems to be associated with urinary albumin ex-
cretion in diabetic patients. Gabazza et al. [24] showed high con-
centrations of serum fibrinogen in type 2 diabetic patients with
albuminuria compared to those without albuminuria. Microal-
buminuria has been shown to be associated with fibronectin
and sialic acid in type 2 diabetic patients [25,26]. Furthermore,
Festa et al. [6] have reported an association of CRP and fibrino-
gens with urinary albumin excretion in the microalbuminuric
range of type 2 diabetic individuals. Stehouwer et al. [7] con-
firmed that increased urinary albumin excretion, endothelial
dysfunction, and chronic inflammation are interrelated proces-
ses associated with risk of death in type 2 diabetic patients.
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In the present study, we investigated the relationship between
albuminuria and TNF-o, system after carefully matching the par-
ticipants for smoking, BMI, blood pressure, glycemic control, and
lipid profile. We used serum TNF-o, soluble TNF-R1, and soluble
TNF-R2 as the index of TNF-o system activity and found, for the
first time, that soluble TNF-R1 was independently associated
with albuminuria in type 2 diabetic patients. However, we could
not find the relationship between albuminuria and TNF-c. The
reason is not known, but may be due to circulating TNF receptor
levels remaining elevated for a longer time than TNF-o itself and
reflecting the degree of TNF-o. activation more accurately than
the measurement of TNF-a itself. TNF receptor levels might be
considered to be a more valuable factor for monitoring the de-
gree of TNF-a system activity. Thus, the TNF-a system could pre-
dispose to the development of microalbuminuria in type 2 dia-
betic patients. Baud and Ardaillou {27] have shown that TNF-a
induces glomerular infiltration by leukocytes. Klein et al. [28]
have demonstrated that TNF-o influences the metabolism of gly-
cosaminoglycans, which are components of the vascular endo-
thelium and the glomerular basement membrane and are in-
volved in the etiology of microalbuminuria.

The mechanisms for the increased activity of TNF-o system in
type 2 diabetic patients with microalbuminuria are unknown;
however, elevated synthesis, reduced catabolism, or both must
be present. In vitro investigations have shown increased TNF-o
messenger RNA expression in glomeruli from diabetic rats [29].
Recent studies have demonstrated that advanced glycation end
products binding to specific cell-surface receptor molecules
expressed on kidney cells may induce local cytokine and initiate
local inflammatory reaction [30]. Angiotensin II, a substance
associated with development of renal injury in diabetic patients,
has been shown to upregulate TNF-o expression {31].

Interestingly, soluble TNF-R1, but not soluble TNF-R2, was asso-
ciated with albuminuria in our diabetic patients. The reasons for
the discrepancy between the TNF-R1 or TNF-R2 relationship to
albuminuria in our diabetic patients are not clear. These two re-
ceptors seem to differ in terms of signaling and functional prop-
erties [8 - 10]. Several studies have demonstrated that obese sub-
jects overexpress TNF-alpha and TNF-R2 in adipose tissue and
have higher concentrations of serum TNF-R2 levels in relation
to lean controls [32,33]. TNF-a can upregulate TNF-R2 expres-
sion in humans {34]. In contrast, the majority of biological re-
sponses classically attributed to TNF-a such as cytotoxicity and
nuclear kappa B activation are mediated by TNF-R1 [35]. Pichler
et al. [36] have shown that sTNF-R1 may play an important role
in the onset of the acute stage of Graves’ disease.

Nevertheless, the present study that TNF-R1, but not TNF-R2, is
associated with albuminuria in diabetic patients suggests that
TNF-R1 may play a role in the evolution of vascular complica-
tions in our non-obese type 2 diabetic patients. This idea is sup-
ported by the recent study by Rauchhaus et al. {11] demonstrat-
ing that elevated soluble TNF-R1 levels are predictive of cardio-
vascular mortality in patients with chronic heart failure. Further-
more, Zoppini et al. [12] have reported that TNF-R1 is associated
with the progression of microalbuminuria and retinopathy in
type 1 diabetic patients.
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In summary, although our present study was performed among
the limited patients that were well-controlled in terms of BMI,
HbA,., blood pressure, LDL cholesterol, triglycerides, total and
HDL cholesterol, serum soluble TNF-R1 seems to be associated
with albuminuria in non-obese Japanese type 2 diabetic pa-
tients. Further study should be undertaken to clarify whether or
not serum soluble TNF-R1 is reflective of early stage of athero-
sclerosis in non-obese Japanese type 2 diabetic patients.
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Abstract

The aim of the present study was to investigate the relationship between insulin resistance and tumor necrosis factor % (TNF-2) as well
as soluble TNF receptors (sTNF-R), body mass index (BMI), leptin, adiponectin, and serum lipid profile including triglycerides in
nonobese Japanese patients with type 2 diabetes. A total of 88 nonobese Japanese type 2 diabetic patients were studied. The duration of
diabetes was 11.0 + 0.8 years. In conjunction with BMI, glycosylated hemoglobin (HbAlc), fasting concentrations of plasma glucose,
serum lipids (triglycerides, high-density lipoprotein cholesterol, and total cholesterol), serum leptin, serum adiponectin, serum TNF-z, and
soluble TNF receptors (STNF-R1 and sTNF-R2) were also measured. Insulin resistance was estimated by the insulin resistance index of
homeostasis model assessment. Insulin resistance was positively cormrelated with BMI, triglycerides, leptin, and total cholesterol and
negatively correlated with adiponectin and high-density lipoprotein cholesterol. In contrast. insulin resistance was not associated with TNF-
o, nor sTNF-R (sTNF-R1 and sTNF-R2) in our diabetic patients. There was no significant relationship between the 3 measures of TNF-2
system (TNF-z. sTNF-R1, and sTNF-R2) and BMI, serum {riglycerides. leptin, or adiponectin in these patients. From these results, it can
be concluded that peripheral levels of TNF-u system activity are not a major factor responsible for insulin resistance in nonobese Japanese
type 2 diabetic patients.
© 2005 Elsevier Inc. All rights reserved.

1. Introduction shown to be associated with subcutaneous fat area, serum
concentrations of triglycerides and adiponectin are linked to
visceral fat areas in nonobese Japanese type 2 diabetic
patients [7-9]. Thus, the adipose tissue-linked substances are
hypothesized to be associated with insulin resistance in
nonobese Japanese type 2 diabetic patients.

Tumor necrosis factor o (TNF-a) is 1 of the most
important candidates expressed in human adipocytes [10].
Adipocytes of obese subjects are reported to have higher
rates in TNF-z messenger RNA expression and TNF-«
protein production as compared with those of nonobese
subjects, thus resulting in a greater serum TNF-2 concen-

% Corresponding author. Fax: +81 6 6458 6994. tration in obese subjects [11-13]. The increase in TNF-u

E-mail address: k-58403@kepco.co.jp (A. Taniguchi). messenger RNA levels is positively correlated to the degree

Type 2 diabetes mellitus is a heterogeneous syndrome
characterized by insulin resistance and/or defective insulin
secretion [1]. In contrast to white populations, nonobese
Japanese patients with type 2 diabetes are unique in that they
are divided into 2 variants: one with insulin resistance and
the other with normal insulin sensitivity [2-9]. The former
group is characterized by higher body mass index (BMI),
higher triglycerides, higher leptin, and lower adiponectin as
compared with the latter group. Whereas serum leptin level is

0026-0495:% — see front matter & 2005 Elsevier Inc. All rights reserved.
doi:10.10164.metabol 2005.04.017
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of hyperinsulinemia, and weight loss is accompanied by a
decrease in serum TNF-a concentration and an increase in
insulin sensitivity [11-13]. It remains, however, unsolved
whether the relationships between serunm1 TNF-2 and insulin
resistance are caused by or are a result of obesity itself.
Furthermore, it is suggested that glucose is proinflammatory
and may potentially induce TNF-x. To address this, we
recruited nonobese well-controlled Japanese type 2 diabetic
patients carefully stratified by their resistance to insulin and
explored the relationships between insulin resistance and the
TNF-o system (serum TNF-x, serum-soluble TNF recep-
tors). This is the first documented case where peripheral
levels of TNF-o system activity (TNF-z, soluble TNF
receptors) are not a major factor responsible for the evolution
of insulin resistance, at least not in nonobese Japanese type 2
diabetic patients.

2. Subjects and methods

Eighty-eight nonobese Japanese type 2 diabetic patients
who visited Kansai-Denryoku Hospital were enrolled for the
present study. Type 2 diabetes mellitus was diagnosed based
on the World Health Organization criteria [14]. The patients
showed no evidence of acute infectious illness at the time of
the study. The duration of diabetes was 11.0 + 0.8 years
(mean * SEM) (range, 1-35 years). Seventy-six of
88 diabetic patients were taking sulfonylureas (gliclazide),
and the rest were treated on a dietary regimen with no
medication to alter blood glucose level. No patients have
received insulin therapy. All subjects had ingested at least
150 g of carbohydrate for the 3 days preceding the study.
None of the subjects had significant renal, hepatic, or
cardiovascular disease. Patients did not consume alcohol or
perform heavy exercise for at least 1 week before the study.
Blood pressure was also measured.

Blood was drawn in the morning after a 12-hour fast.
Plasma glucose was measured with glucose oxidase method.
The triglycerides, total cholesterol, and high-density lipo-
protein cholesterol (HDL-C) were also measured. Serum
insulin was measured using a 2-site immunoradiometric
assay (Insulin Riabead II, Dainabot, Osaka, Japan). Coef-
ficients of variation were 4% for insulin greater than
25 pU/mL and 7% for insulin less than 25 pU/mL. Serum
leptin and adiponectin concentrations were measured with a
radioimmunoassay kit (Linco Research, St Charles, Mo) as
described previously [7,8]. The intra-assay and interassay
coefficients of variation were less than 5% for Ieptin and
adiponectin. Serum TNF-» concentrations were measured
by enzyme immunoassay kit (Quantikine HS Human TNF-«
immunoassay kit, R&D Systems, Inc, Minneapolis, Minn),
and serum concentrations of sSTNF-R1 and sTNF-R2 were
measured by enzyme-linked immunosorbent assay (BIO-
TRAK, Amersham Life Sciences, Uppsala, Sweden), as des-
cribed previously [15]. The limits of sensitivity for TNF-«,
sTNF-R1, and sTNF-R2 were 0.5, 25, and 50 pg/mL,
respectively. Samples for insulin, leptin, adiponectin, and

TNF-2 system (TNF-z, sTNF-R1, and sTNF-R2) were
prepared, frozen, and stored at —70°C until the assay.

The estimate of insulin resistance by homeostasis model
assessment (HOMA-IR) was calculated with the following
formula: fasting serum insulin (¢U/mL) x fasting plasma
glucose (mmol/L)/22.5 [16]. The HOMA-IR value of
normal tolerant subjects was 1.6 £ 0.9 (mean + SD), and
we defined the values greater than 2.5 as an insulin-resistant
state and the values less than 2.5 as an insulin-sensitive state
[2.5,17]. The threshold value (2.5) for insulin resistance in
our study is similar to that (2.77) in nonobese subjects with
no metabolic disorders reported by Bonora et al [18]. It may
be argued that the use of sulfonylureas in patients with
diabetes might significantly affect the estimate of insulin
resistance by HOMA, as these drugs are known to decrease
fasting plasma glucose without substantially changing
fasting plasma insulin [19]. It seems, however, unlikely
because Bonora et al [20] and Emoto et al [21] showed that
in the validation studies of HOMA, the correlation of insulin
sensitivity measured by such method and that measured by
the glucose clamp was not substantially different in diet-
treated and sulfonylurea-treated type 2 diabetes. Another
problem is that pancreatic B-cell function per se might affect
HOMA-IR in Japanese type 2 diabetic patients because
these patients are accompanied by mild impairments in
pancreatic B-cell function [2]. In our present study, how-
ever, fasting C-peptide level was greater than 0.8 ng/mL,
indicating that their pancreatic function is not severely
impaired. Therefore, we used HOMA-IR in diet-treated and
sulfonylurea-treated diabetic patients, taking into account
pancreatic insulin secretion.

Table 1
Clinical characteristics in insulin-resistant and insulin-sensitive diabetic
patients

Insulin- Insulin- P
resistant sensitive

No. of subjects 32 56

Age (y) 619+ 1.7 632 + 1.1 252
Men/women 257 3818 155
HOMA-IR 358 + 0.22 1.58 + 0.07 <.001
Diabetes dwration (y) 10.7 £ 1. 11.2 + 08 376
Smoking (no/yes) 25/7 42/14 .307
SU/diet 27/5 49/7 343
BMI (kg/m®) 237+ 03 224+ 03 .003
HbAlc (%) 74+ 02 6.8 = 0.1 .007
Triglycerides (mg/dL) 153 £ 12 104 = 5 <.001
Total cholesterol (mg/dL) 214+ 6 198 + 5 026
Leptin (ng/mL) 64+ 08 47 £ 04 018
HDL-C (mg/dL) 54+ 2 61 £2 012
Adiponectin (ug/mL) 10.7 £ 11 169 + 1.6 .005
Fasting glucose (img/dL) 150 + 4 135£3 .003
Fasting insulin (uU/mL) 9.8 + 0.6 4.7+ 02 <.001
Systolic blood 139+ 3 135 + 3 107

pressure (mm Hg)
Diastolic blood 86 £ 2 79 £ 1 .001
pressure {mm Hg)

TNF-z (pg/mL}) 3.70 + 0.49 3.15 £ 0.19 107
sTNF-R1 (pg/mL) 1132 £ 55 1208 + 55 185
sTNF-R2 (pg/mL) 2025 + 88 2073 £ 67 333
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3. Statistical analysis

Data are presented as mean values £ SEM. Statistical
analyses were conducted using the StatView 5 system
(Statview, Berkeley, Calif). The mean values of the 2 groups
were compared with Student ¢ test. Spearman rank correla-
tion coefficient analysis was also performed to calculate a
correlation, P < .05 was considered as significant.

4. Results

The subjects studied were all Japanese type 2 diabetic
patients {63 men and 25 women) with an age range of 43 to
84 years (62.8 + 1.0 years) and a BMI of 17.1 to 26.7 kg/m”
(21.0 + 0.8 kg/m?). They were all nonobese [22]. The
fasting plasma glucose was 141 + 3 mg/dL, and glycosy-
lated hemoglobin (HbAlc) was 7.0% + 0.1%. Fasting
insulin level was 6.56 £ 0.39 pU/mL. Serum triglycerides,
total cholesterol levels, and HDL-C levels were 121 & 6,
204 + 4, and 59 + 2 mg/dL, respectively. Serum leptin and
adiponectin concentrations were 5.3 & 0.4 ng/mL and 14.6 +
1.2 pg/mL, respectively. There was a wide variation in insulin
resistance calculated by HOMA in our diabetic patients
(range, 0.51-7.17; mean * SD, 2.30 £ 0.15). Thirty-two
(36%) of 88 patients had HOMA-IR greater than 2.5,
indicating that they are insulin-resistant [4.5]. On the other
hand, serum TNF-2, soluble TNF-R1(sTNF-R1), and soluble
TNF-R2 (sTNF-R2) were 3.35 + 0.22 (range, 1.6-15.7),
1180 + 43 (range, 699-2920), and 2055 + 56 pg/mL (range,
1250-3860 pg/mL), respectively.

Table | shows the clinical profile between insulin-
resistant and insulin-sensitive type 2 diabetic patients.
Compared with insulin-sensitive type 2 diabetic patients,
insulin-resistant patients had significantly higher levels of
BMI, HbAlc, triglycerides, total cholesterol, leptin, and
diastolic blood pressure and lower concentrations of HDL-C
and adiponectin. No significant difference was observed in
age, sex, duration of diabetes, smoking, systolic blood
pressure, and the 3 measures of TNF-o system (TNF-z,
sTNF-R1, and sTNF-R2) between the 2 groups.

Table 2
Correlation of TNF-», sTNF-R1, and sTNF-R2 to measures of variables in
diabetic patients

TNF-o sTNF-R1 sTNF-R2
r P r Id r P
BM] —0.062 563 —0.013 .504 -0.159 137
Systolic blood 0.042 712 0208 682 0.154 177
pressure
Diastolic blood 0.136  .233 0.006 956 —0.009 .940
pressure
HbAlc 0.028 .790 —0.031 769 —0.128 233

Fasting glucose ~ —0.067 948 —0.073 496 -0.161  .133
Fasting insulin 0.048  .653 0.026 811  —0.012 908

HOMA-IR 0.026 806 ~0.008 938 -0.061 571
Triglycerides 0.082 442 0.011 920 -0.041 705
Leptin —-0204 .059 —0.004 968 -0.093 389

Adiponectin —0.188  .089 0.111 314 0.148 180

The correlation between the 3 measures of TNF-uo system
(TNF-o, sSTNF-R1, and sTNF-R2) and the factors associated
with insulin resistance (BMI, systolic blood pressure,
diastolic blood pressure, HbAlc, fasting glucose, fasting
insulin, HOMA-IR, triglycerides, leptin, and adiponectin)
was next investigated in our diabetic patients (Table 2).
Peripheral levels of the 3 measures of the TNF-o system
(TNF-a, sTNF-R1, and sTNF-R2) were not associated with
these variables.

5. Discussion

Type 2 diabetes is a heterogenous syndronie characterized
by insulin resistance and/or defective insulin secretion [1].
There seems to be racial difference in insulin resistance in
type 2 diabetes. Haffner et al [23] surveyed the prevalence of
white type 2 diabetic patients and found that 92% of type 2
diabetic patients were insulin-resistant. Chaiken et al [24]
reported that 60% of type 2 diabetic patients with BMI less
than 30 kg/m® were insulin-resistant in African-American
populations. We recently demonstrated that 40% of type 2
diabetic patients are insulin-resistant in nonobese Japanese
type 2 diabetic patients {4,5]. Whereas the patients with type
2 diabetes already manifest some elements of inflammation,
the intriguing feature that nonobese Japanese type 2 diabetic
patients are divided into 2 variants enables us to explore
whether some inflammatory markers such as TNF-«
participated in the worsening of insulin resistance. We
therefore investigated TNF-x and sTNF-R in nonobese
Japanese type 2 diabetic patients stratified into 2 different
groups: one with insulin resistance and the other with normal
insulin sensitivity.

The reason why Japanese type 2 diabetic patients are not
always associated with insulin resistance is unclear, but it
may be due to the fact that mean BMI in our type 2 diabetic
patients is 21.0 kg/m® less than that in white populations
(average BMI 30 kg/m?). Chang et al [25] recently reported
that only 23.6% of Korean type 2 diabetic patients are
insulin-resistant. Their mean level of BMI was 22.6 kg/m”.

Using HOMA-IR and/or minimal model analysis, we
have investigated the factors underlying insulin resistance in
nonobese Japanese type 2 diabetic patients [2-9]. Whereas
BMI and triglycerides are considered to be the most
important factors responsible for the evolution of insulin
resistance, regional abdominal adipose tissue distribution per
se contributes to insulin resistance in nonobese Japanese type
2 diabetic patients [19]. In contrast to white and African-
American populations, subcutaneous and visceral fat areas
are independently associated with insulin resistance in
nonobese Japanese type 2 diabetic patients [26,27]. Not
only serum triglycerides but also serum leptin and adipo-
nectin levels are shown to be associated with insulin
resistance in our populations {4,5,7,8]. Serum triglycerides
level is positively correlated to visceral fat area [9]. Serum
leptin level is positively correlated to subcutaneous fat areas,
whereas serum adiponectin level is negatively correlated to
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visceral fat areas [7.8]. Furthermore, we recently demon-
strated that inflammation per se is independently associated
with insulin resistance in nonobese Japanese type 2 diabetic
patients [6]. We subsequently found that C-reactive protein,
1 of the inflammatory markers, is not only associated with
insulin resistance but also with BMI and adipocytokine such
as leptin and adiponectin (data not shown). Thus, the factors
underlying insulin resistance in nonobese Japanese type 2
diabetic patients are hypothesized to be linked to adipose
tissue—related insulin resistance.

Another candidate that is associated with adipose tissue—
related insulin resistance is TNF-2, a potent proinflamma-
tory cytokine [10]. Hotamisligil and Spiegelman [28] were
the first workers who proposed that TNF-o represents a key
mediator of obesity-linked insulin resistance. Overexpres-
sion of TNF-a from adipose tissue is shown in different
rodent models of obesity. Dandona et al [12] showed that
plasma concentration of TNF-o is increased among obese
subjects, and it decreases with weight loss. In vitro studies
have shown that TNF-a inhibits insulin-stimulated glucose
uptake in adipocytes in vitro by decreasing phosphorylation
of the insulin receptor [29].

In the present study, we used serum TNF-¢, soluble TNF-
R1, and soluble TNF-R2 as an index of TNF-a system
activity since peripheral levels of TNF receptor remain
elevated for a longer time than TNF-« itself and reflect the
degree of TNF-« activation more accurately than the
measurement of TNF-g itself. Using the 3 measures of
TNF-a system activity, we first demonstrated that TNF-o
system activity is not responsible for insulin resistance, at
least not in nonobese Japanese type 2 diabetic patients. This
is a surprising finding because TNF-« is suggested to have a
key role in the assessment of insulin resistance of obese and
type 2 diabetic patients [10,28]. Thus, the reason why we
could not find the relationship between insulin resistance and
peripheral levels of TNF-x system in our patients is not
known, but it may be due to the difference in clinical
characteristics studied. The previous studies supporting the
relationship between insulin resistance and TNF-a¢ are
derived from the studies dealing with the obese diabetic
patients [10-13]. Obese subjects are shown to have higher
concentration of TNF-« than nonobese subjects. Moreover,
adipose tissue TNF-R2 messenger RNA is shown to be
correlated with BMI and hyperinsulinemia in obese diabetic
patients. Weight loss is accompanied by a decrease in serum
TNF-2 concentration and an increase in insulin sensitivity.

On the other hand, there is some literature supporting our
present finding that peripheral levels of TNF-2 system
activity are not associated with insulin resistance in human
subjects. Kellerer et al [30] found no correlation between
plasma TNF-2 and insulin resistance in the offspring of type
2 diabetic patients. Two investigators [31,32] have shown
that administration of antibodies or antagonists to TNF-«
have not improved insulin sensitivity in insulin-resistant
individuals. Zavarotoni et al [33] recently demonstrated that
differences in TNF-z activity do not appear to contribute to

the marked variation in insulin action that occurs in healthy
individuals. Ghanim et al [34] very recently showed that
TNF-# is not related to HOMA-IR in obese subjects. Thus,
it may be speculated that adipose tissue—linked TNF-a
system activity might function locally at the level of the
adipocyte in a paracrine or autocrine fashion in our study’s
diabetic patients. Alternatively, adipose tissue may not play
a major role in the determination of peripheral levels of
TNF-2 system activity in our nonobese, well-controlled,
unique Japanese type 2 diabetic patients.

In summary, we demonstrated for the first time that
although the number of patients with type 2 diabetes is
limited, peripheral levels of TNF-o system activity do not
appear to be a major explanation of the mechanisms
underlying insulin resistance at least in nonobese well-
controlled Japanese type 2 diabetic patients. This idea can
be inferred from our present study that peripheral levels of
TNF-« system activity are not associated with serum leptin
and adiponectin which are another index of insulin
resistance in human beings [10].
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Distinct Effects of Glucose-Dependent Insulinotropic
Polypeptide and Glucagon-Like Peptide-1 on Insulin

Secretion and Gut Motility

Takashi Miki,' Kohtaro Minami,? Hidehiro Shinozaki,' Kimio Matsumura,' Atsunori Saraya,?
Hiroki Ikeda,! Yuichiro Yamada,* Jens Juul Holst,” and Susumu Seino'?

Glucose-induced insulin secretion from pancreatic B-cells
depends critically on ATP-sensitive K* channel (K,rp
channel) activity, but it is not known whether K,;p
channels are involved in the potentiation of insulin
secretion by glucose-dependent insulinotropic polypep-
tide (GIP). In mice lacking K,rp channels (Kir6.27/~
mice), we found that pretreatment with GIP in vivo
failed to blunt the rise in blood glucose levels after oral
glucose load. In Kir6.27/~ mice, potentiation of insulin
secretion by GIP in vivo was markedly attenuated,
indicating that K,,p channels are essential in the insu-
linotropic effect of GIP. In contrast, pretreatment with
glucagon-like peptide-1 (GLP-1) in Kir6.2™/~ mice po-
tentiated insulin secretion and blunted the rise in blood
glucose levels. We also found that GLP-1 inhibited gut
motility whereas GIP did not. Perfusion experiments of
Kir6.2™~ mice revealed severely impaired potentiation
of insulin secretion by 1 nmol/l GIP and substantial
potentiation by 1 nmol/l GLP-1. Although both GIP and
GLP-1 increase the intracellular cAMP concentration
and potentiate insulin secretion, these results demon-
strate that the GLP-1 and GIP signaling pathways in-
volve the K,;p channel differently. Diabetes 54:
1056-1063, 2005

ral glucose load elicits larger insulin secretion
and less increase in blood glucose levels than
intravenous administration of the equivalent
amount of glucose (1,2). This phenomenon is
mostly due to incretins, gut-derived factors including
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glucose-dependent insulinotropic polypeptide (GIP) and
glucagon-like peptide-1 (GLP-1) (3,4). GIP and GLP-1 are
released from gastrointestinal endocrine K-cells and L-
cells, respectively, into the blood stream in response to the
ingestion of nutrients (5), which potentiates insulin secre-
tion from pancreatic 3-cells (6-9). GIP and GLP-1 exert
their insulinotropic effects by binding to GIP receptors
(10) and GLP-1 receptors on the B-cell surface (11),
respectively, activating adenylyl cyclase (12,13), which
leads to the rise in intracellular cAMP concentration that
potentiates insulin secretion by activating protein kinase
A- and/or cAMP-guanine nucleotide exchange factor
(GEF)2-mediated signaling in normal pancreatic B-cells
(14,15). Thus, GIP and GLP-1 share in part a common
pathway of insulin secretion enhancement. However,
many clinical findings suggest different mechanisms of GIP
and GLP-1 action. In patients with type 2 diabetes, for
example, the insulinotropic action of GLP-1 is well pre-
served whereas that of GIP is markedly reduced (16). The
mechanism of the differing effects GLP-1 and GIP remains
unknown.

Recent studies of GIP-receptor knockout (GIPR™/™)
mice have shown that potentiation of insulin secretion by
GIP plays an important role in glucose metabolism (17).
GIPR™™ mice have higher glucose levels in response to
oral glucose load than in response to intraperitoneal load,
showing that endogenous GIP plays an important role in
preventing a rise in blood glucose levels after oral load.
Unlike other secretagogues that stimulate insulin secre-
tion, GIP exerts a potentiating effect on insulin secretion
only in the presence of glucose (7,18,19). The glucose
dependency of the insulinotropic action of GIP has been
confirmed using stepwise glucose clamp in normal human
subjects (9,20,21).

ATP-sensitive K™ channel (K,7p channel) null (Kir6.2 ™/~
and SUR1 ") mice do not exhibit significant insulin
secretion in response to oral glucose load (22-24). This
raises the possibility that Kir6.2~/~ mice have either a
defect in glucose-induced GIP secretion from K-cells or a
defect in potentiation by GIP of insulin secretion from
B-cells. Because glucose-induced GIP secretion from K-
cells has been shown to occur in a K, p channel-indepen-
dent manner, we investigated the potentiating effect of GIP
on insulin secretion from B-cells in Kir6.2 ™/~ mice. We also
examined the effects of GLP-1, the other important incre-
tin hormone, on the potentiation of insulin secretion and
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blood glucose levels after an oral glucose load in Kir6.2 ™/~
mice.

RESEARCH DESIGN AND METHODS

Kir6.2™~ mice were generated as previously described (22). Because the
Kir6.2™'~ mice had been backerossed to the C57BL/6 mouse strain over five
generations, C57BL/G mice were used as wild-type (Kir6.27/*) mice. All animal
experiments were performed in accordance with the guidelines of the Animal
Care Committee of Chiba and Kobe University.

GIP seeretion assay in vivo. The secretion of GIP in response to oral
glucose was examined in conscious male mice (18-20 weeks old, weighing
20-25 g) in vivo. After an overnight fast (16 h), Kir6.2*/* and Kir6.2™'~ mice
were administered p-glucose (150 mg/mouse in 0.5 ml) via gavage. A blood
sample (~500 ul of whole blood) was taken 15 min after glucose load and
separated by centrifugation at 12,000g for 15 min at 4°C and stored at —80°C
until hormone radioimmunoassay. Blood samples for basal GIP and glucose
level was taken independently 1 week before (n = 6 for both genotypes) and
after (n. = 6 for both genotypes) the glucose loading test. GIP concentrations
and glucose levels were determined as previously described (25-27).

Oral glucose tolerance test and measurement of blood glucose and
serum insulin levels. One-hundred micrograms of human GIP (in 0.1 m}),
human GLP-1 (in 0.1 ml), or saline (0.1 ml) was given subcutaneously to
overnight (16 h)-fasted male mice. Glucose (1.5 g/kg) was administered 5 min
after GIP or GLP-1 pretreatment as a 15% solution via gavage. Blood glucose
levels at 0, 10, 30, 60, 90, 120, and 180 min and serum insulin levels at 0, 10, and
30 min after the glucose load were measured as previously described (27). The
areas under the curve (AUCs) were assessed for blood glucose levels
(AUC , 0050 With the trapezoidal rule of suprabasal values.

Measurement of gastrointestinal transit. To evaluate gastrointestinal
motility, male mice were fasted with free access to drinking water for 48 h. On
the day of the experiment, the mice received an intragastric injection of 20
I/g test solution (25% wt/vol barium sulfate suspended in water or 50% wt/vol
p-glucose solution). The mice were killed 15 min later by cervical dislocation.
After dissection, the length from the pylorus to the most distal point of
migration of the barium (4) and from the pylorus to terminal ileum (B) was
measured. Gastrointestinal transit was expressed as percentage of 4 to B. To
determine the effects of GIP and GLP-1 on gastrointestinal motility, mice were
pretreated 5 min before test solution ingestion with 100 pwg human GIP or
GLP-1.

Perfusion experiments of mouse pancreata. Overnight (16 h)-fasted male
mice at 16-20 weeks of age were used in perfusion experiments as previously
reported (28) with slight modifications. Briefly, after anesthesia with 80 mg/kg
sodium pentobarbital, the superior mesenteric and renal arteries were ligated,
and the aorta was tied off just below the diaphragm. The perfusate was infused
from a catheter placed in the aorta and collected from the portal vein. The
perfusate was Krebs-Ringer bicarbonate HEPES (KRBH) buffer supplemented
with 4.6% dextran and 0.25% BSA and gassed with 95% O,/5% CO,. The flow
rate of the perfusate was 1 ml/min. In experiments involving GIP and GLP-1,
mouse pancreata were perfused with KRBH buffer containing 2.8 or 16.7
mmol/1 glucose in the presence or absence of 1 nmol/1 GIP or 1 nmol/1 GLP-1.
In experiments involving arginine and carbachol, pancreata were perfused
with KRBH buffer containing 5.5 mmol/l glucose in the presence or absence of
20 mmol1 arginine or 50 pwmoll carbachol The perfusion protocols began
with a 10-min equilibration period with the same buffer used in the initial step
(i.e., from 1 to 5 min) shown in the figures. The insulin levels in the perfusate
were measured by an ELISA kit (Mesacup Insulin Test) from BML (Nagoya,
Japan).

Measurement of insulin secretion in response to arginine and carba-
chol in vivo. To analyze arginine- and carbachol-induced insulin secretion,
overnight (16 h)-fasted male mice were administered 250 mg/kg L(+)-arginine
intravenously or 750 ug/kg carbachol intraperitoneally as previously de-
scribed by Guenifi et al. (29} and Havel et al. (30). Blood samples were taken
before and 2 min after load, and blood glucose and serum insulin levels were
measured.

Meal ingestion test. Glucose tolerance and insulin secretory response to
mixed meal was evaluated using the enteral feeding formula Twinline, which
is used clinically and which consists mainly of casein from milk protein, amino
acids, maltodextrin, fat from safflower oil, and tricaprilin and contains 4.05
g/dl protein, 2.78 g/dl carbohydrate, and 2.78 g/dl fat (1 kcal/ml calorie in
total). After overnight fasting (16 h), male mice were administered 20 plg
Twinline (20 kcal/g energy and 3 g/kg carbohydrate), and blood glucose levels
at 0, 30, 60, 120, and 180 min and serum insulin levels at 0, 30, and 60 min after
the glucose load were measured.

Reagents. Synthetic human GIP and GLP-1 were purchased from Peptide
Institute (Osaka, Japan). Arginine [L(+)-arginine monohydrochloride] was
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FIG. 1. GIP secretion in response to oral glucose. Plasma GIP levels in
Kir6.2"* ({(J; n = 12) and Kir6.2~/~ (&; n = 12) mice. *P < 0.0001.

from Nacalai (033-23), and carbachol (carbamylcholine chloride, C-4382) was
from Sigma. Twinline enteral formula was from Otsuka Pharmaceuticals
(Tokushima, Japan).

Statistical calculations. All values are shown as means * SE. P values were
calculated with unpaired Student’s ¢ test. A value of P < (.05 was considered
statistically significant.

RESULTS

Glucose-induced GIP secretion. Oral glucose load elic-
ited a significant increase in GIP secretion after 15 min in
Kir6.2*/* mice (113.3 = 2.6 pmol/l, n = 12) (Fig. 1). GIP
secretion was significantly increased also in Kir6.2™/~
mice (207.3 = 14.7 pmoll, n = 12), suggesting that
glucose-induced GIP secretion is K,qp channel indepen-
dent. Interestingly, the increment in plasma GIP in
Kir6.2™~ mice was enhanced in Kir6.2™/~ mice (P <
0.0001).

Glucose-lowering effect of GIP in vivo. Oral glucose
tolerance test (OGTT) was performed on mice pretreated
with or without GIP, as previously reported of GLP-1 (31).
GIP pretreatment (PreTx) significantly increased glucose
tolerance in Kir6.2*"* mice [AUC,.ose; PreTx(—), 2,146 *+
18 mmol/1 in 180 min; PreTx(+), 1,649 * 78 mmol/l in 180
min; P < 0.005] (Fig. 24). However, GIP pretreatment
failed to increase glucose tolerance in Kir6.2™/~ mice
[AUC y1yc0ses PreTx(—), 1,801 = 756 mmol/l in 180 min;
PreTx(+) 2,191 = 375 mmol/l in 180 min; not significant]
(Fig. 2B), indicating that the glucose-lowering effect of GIP
is abolished completely in Kir6.2 /" mice.

Effect of GIP on gastrointestinal transit. We assessed
gut motility by measuring gastrointestinal transit of orally
ingested barium sulfate. GIP did not affect gastrointestinal
transit [67.1 = 6.7% in PreTx(—) and 74.9 = 6.0% in
PreTx(-+)] in Kir6.2*/" mice, which shows that GIP does
not inhibit gastrointestinal transit, at least in our protocol
(Fig. 2C). However, there was a significant increase in
gastrointestinal transit of oral glucose load. To evaluate
involvement of the K,;p channels in glucose-responsive
enteric neurons in regulating gut motility of glucose load,
we compared transit of oral glucose load in Kir6.2™'* and
Kir6.2”/~ mice. Gastrointestinal transit was similarly in-
creased by oral glucose in Kir6.2"'" [glucose (—), 41.9 *
2.1%; glucose (+), 57.5 + 4.0%) and Kir6.2 '~ [glucose (—),
34.1 £ 1.7%; glucose (+), 61.4 = 1.7%} mice (Fig. 2D),
indicating that gut motility is not regulated by K,ip
channel-mediated glucose sensing in enteric neurons.
Glucose-lowering effect of GLP-1 in vive. We then
performed OGTTs with and without GLP-1 pretreatment,
as was done with GIP. GLP-1 pretreatment reduced the
elevation in blood glucose significantly in Kir6.2*/* mice
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[AUC ycoses PreTx(—), 2,067 = 86 mmol/l in 180 min;
PreTx(+), 1,347 = 127 mmol/l in 180 min; P < 0.005] (Fig.
34) as well as Kir6.2™'~ mice [AUCy,cpsei PreTx(—),
2,513 + 156 mmol/l in 180 min; PreTx(+) 1,403 = 155
ramol/1 in 180 min; P < 0.0001] (Fig. 3B).

Effect of GLP-1 on gastrointestinal transit in vivo. We
also examined the effect of GLP-1 on gut motility. Gastro-
intestinal transit was significantly suppressed by GLP-1
pretreatment (Fig. 3C). GLP-1 was similarly effective on
gut motility in Kir6.2™* and Kir6.2™/~ mice, suggesting
that the effect of GLP-1 is independent of K,qp channel
activity. In addition, GLP-1 similarly suppressed gastroin-
testinal transit in glucose-loaded and water-loaded mice,
showing that GLP-1 and glucose regulate gut motility
through independent mechanism.

Potentiation of insulin secretion by GIP and GLP-1 in
vivo. We examined insulin secretion during OGTT with
and without GIP or GLP-1 pretreatment (Fig. 4). Ten
minutes after glucose loading, serum insulin levels were
already elevated in Kir6.2™/* mice (77.2 = 11.5 pmol/1 at 0
min; 27556 * 425 pmoll at 10 min) (Fig. 4). Insulin
secretion at 10 min was significantly enhanced by GIP
pretreatment (440.8 + 53.8 pmol/l, P < 0.05) or by GLP-1
pretreatment (474.7 = 49.2 pmol/l, P < 0.05). Secretion in
Kir6.2"/" mice was no longer enhanced by GIP or GLP-1
pretreatment at 30 min, when the blood glucose levels are
lower (Figs. 2A and 3A).
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Interestingly, the insulinotropic effect of GIP was com-
pletely absent in Kir6.2™'~ mice at 10 min (83.1 * 9.0
pmoll at 0 min; 66.2 = 17.0 pmol/l at 10 min; not
significant); however, there was significant potentiation of
insulin secretion at 10 min by GLP-1 pretreatment (242.9 =
13.0 pmol/], P < 0.0005) (Fig. 4). In contrast, at 30 min after
ghicose load, there was significant potentiation of insulin
secretion in 30 min in Kir6.2 ™/~ mice both by GIP pretreat-
ment (2455 = 8.51 pmol/l) and by GLP-1 pretreatment
(2404 = 21.1 pmol/i), even though glucose-induced insulin
secretion was not observed (112.8 *+ 12.5 pmol/l) (Fig. 4).
Effects of GIP and GLP-1 on insulin secretion in
perfused pancreas. To examine the time course of the
insulin secretory response to GIP and GLP-1 in Kir6.27/~
mice, perfusion experiments were performed in the ab-
sence (Fig. bA) or presence of GIP (Fig. 5B and C) or
GLP-1 (Fig. 5D). In Kir6.2"* mice, 16.7 mmol/l glucose
elicited insulin secretion [the amount of secreted insulin
(AUC;peuin) after glucose stimulation (from 5 to 25 min);
61.4 *+ 5.5 ng in 20 min, n = 3] (Fig. bA), which was further
potentiated by 1 nmol/l [AUC,,quiin; 217.9 * 123 ng, n = 3,
P < 0.005 vs. GIP(—)] or 10 nmol/] GIP [AUC,,.uin; 278.8 *
264 ng, n = 3, P < 0.05 vs. GIP(—)] (Fig. 5B and C). In
contrast, in Kir6.27/~ mice, 16.7 mmol/l glucose barely
elicited a rise in insulin secretion (AUC;, s 1in; 23.3 * 2.7 ng,
n = 3) (Fig. bA), and there was only slight potentiation in
insulin secretion by 1 nmol/l (AUC; ;371 +42ng,n=
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3) or 10 nmol1 GIP (AUC;,,uin; 55.8 * 12.7 ng, n = 3) (Fig.
5B and C). The potentiation of insulin secretion by 1
nmol/l GLP-1 also was attenuated in Kir6.2™/~ mice
(AUCipeuiin; 103.8 = 40.6 ng, n = 3) compared with that of
Kir6.2™"" mice (AUC;,suim; 529.1 *+ 20.1 ng, n = 3), but the
secretion was nevertheless more potent than that by 1
nmol/l GIP (Fig. 5D). When insulin secretion was assessed
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FIG. 4. Effect of GIP and GLP-1 pretreatment on insulin secretion after
oral glucose challenge. Serum insulin levels in Kir6.2™* and Kir6.2 ™~
mice before([], n = 5-9) and 10 min (&, n = 5-9) or 30 min (B, n = 5-9)
after glucose load. *P < 0.05; **P < 0.0005.
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by the AUC,,qiin, 1, 10, and 1 nmol1 GLP-1 potentiated
insulin secretion in Kir6.2*/* mice 3.5-, 3.5-, and 5.4-fold,
respectively (Fig. 5E). In contrast, in Kir6.2 ~ mice, 1 and
10 nmol/1 GIP increased insulin secretion only by 1.6- and
2.4-fold, whereas 1 nmol/l GLP-1 increased insulin secre-
tion by 4.5-fold (Fig. 5F). In addition, glucose-induced
insulin secretion in Kir6.2 ™/~ mice became apparent in the
presence of 1 nmol/l GLP-1 [fold increase in the insulin
secretory rate before and after stimulation with 16.7
mmol/] glucose; 1.562 = 0.10-fold in the absence of GLP-1
(n = 3) (Fig. 5A), 4.14 £ 0.06-fold in 1 nmol/l1 GLP-1 (n =
3) (Fig. 5D); P < 0.05], indicating that Kir6.2 '~ mice were
endued with glucose responsiveness by stimulation with 1
nmol/1 GLP-1.

Insulin secretory response to arginine, cholinergic
stimuli, and mixed meal. Insulin secretion by arginine in
vivo was significantly impaired in Kir6.2 ™'~ mice (Fig. 64),
but marked secretion was observed 2 min after adminis-
tration of carbachol in vivo in both Kir6.2*/* and Kir6.2 ™/~
mice (Fig. 6B). The insulin secretory response was also
examined in perfusion experiments. Similar to the findings
in vivo, insulin secretion from Kir6.2 ™/~ pancreata was
markedly impaired in response to 20 mmol/l arginine
[AUCipeuiin during stimulation (from 5 to 10 min); 39.1 =
4.2 ng in Kir6.2™"* mice (n = 3), 8.4 + 2.8 ng in Kir6.2~/~
mice (n = 3)] but remained unaffected in response to 50
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umol/1 carbachol [AUC,,, i, during stimulation (from 20
to 25 min); 8.7 = 1.5 ng in Kir6.2*/* mice (n = 3), 10.6 =
1.2 ng in Kir6.2™”" mice (n = 3)] (Fig. 6C). We also
compared glucose tolerance and insulin secretion in re-
sponse to orally ingested meal in Kir6.2*'* and Kir6.2™/~
mice (Fig. 6D and E). In Kir6.2 /™ mice, glucose tolerance
was significantly impaired in response to mixed meal (Fig.
6D), and early-phase insulin secretion was significantly
diminished (serum insulin levels 30 min after meal inges-
tion; Kir6.2*/*, 322.2 + 47.5 pmol/l; Kir6.2 /", 134.0 + 14.9
pmoll, P < 0.005) (Fig. 6F).
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DISCUSSION

GIP is released from gastrointestinal endocrine K-celis
(32) in a glucose-dependent manner (7,33). Although glu-
cose-induced insulin secretion from pancreatic 3-cells is
critically dependent on K, p channel function (22-24), our
present study indicated that glucose-induced GIP secre-
tion occurs independently of K,rp channel function (Fig.
1.

Because GIP pretreatment did not reduce the elevation
of blood glucose in Kir6.2 ™/~ mice after oral glucose load
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(Fig. 2B), we considered the possibility that GIP inhibits
gut motility in a K,rp channel-dependent manner, but this
apparently is not the case (Fig. 2C). This is compatible
with a recent study of GIP action on gut motility in humans
(34). We also found a significant increase in gastrointesti-
nal transit by oral glucose load. We established previously
that K,pp channels comprising Kir6.2 and SUR1 are found
in glucose-responsive neurons in the hypothalamus (35)
and in the ileum (36), and we proposed that the K,p
channel in gut cholinergic neurons plays a role in glucose-
evoked reflexes (36). Ingestion of carbohydrate is known
to stimulate gastrointestinal motility (37), but it was
unclear whether the K,1p channel in glucose-responsive
enteric neurons is involved in regulating glucose-induced
gut motility. Our present findings on gastrointestinal tran-
sit in Kir6.2 ™/~ mice clearly show that gut motility is not
regulated by K,rp channel-mediated glucose sensing in
the enteric neurons (Fig. 2D).

Measurement of serum insulin at 10 min after oral
glucose load revealed that GIP pretreatment in vivo failed
to potentiate the early-phase (38) insulin secretion during
OGTT in Kir6.2™/~ mice (Fig. 3), indicating that the K,7p
channel in $-cells is essential in the insulinotropic effect of
GIP. It would be likely, therefore, that the glucose-depen-
dent effects of GIP depend on the activity of the K,rp
channel. In contrast, there was significant potentiation of
late-phase insulin secretion (2.17-fold increase) in
Kir6.2~/~ mice by GIP pretreatment. However, the physi-
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ological significance of this late-phase insulin secretion
remains uncertain, because there was no significant reduc-
tion in blood glucose levels even after 30 min in GIP-
pretreated Kir6.2 ™/~ mice compared with GIP-untreated
Kir6.2™/~ mice. These results also suggest that rapid
enhancement of early-phase insulin secretion by GIP is
required for its glucose-lowering effect after oral glucose
load.

In contrast to GIP, GLP-1 did potentiate the insulin
secretion (3.7-fold increase in 10 min) and had an obvious
antihyperglycemic effect in Kir6.2 ™ mice (Fig. 44, B, and
D). Perfusion experiments of mouse pancreata are appli-
cable only for a short period (less than 45 min of sampling)
of secretion study of insulin. Thus, it is difficult to perform
multiple stimuli in the same mouse pancreas, and a
number of experiments are required to compare the secre-
tory differences among different stimuli. However, when
compared with the study of isolated islets, this method has
an advantage because we can neglect cellular damage
during islet isolation or unexpected effects by culturing the
islets.

We performed perfusion experiments in Kir6.2 /™ mice
and found that differences in the insulinotropic effects
between GIP and GLP-1 in Kir6.2 ™~ mice were also shown
in the perfusion experiments (Fig. 5). Accordingly, the
mechanism of potentiation of insulin secretion differs for
GIP and GLP-1: insulin secretion by GIP depends critically
on the K, 1p channel, whereas that by GLP-1 does not. Both
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GIP and GLP-1 increase the intracellular cAMP concentra-
tion and potentiate insulin secretion by activating protein
kinase A (PKA)- and/or cAMP-GEF2-mediated signaling
in normal pancreatic B-cells (39). We previously reported
that GIP-potentiated insulin secretion is almost completely
suppressed in islets treated both with PKA blocker H-89
and antisense oligodeoxynucleotides against cAMP-GEF2,
whereas GLP-1-potentiated insulin secretion remains
nearly normal (15). Apparently, the insulinotropic action
of GLP-1 is mediated by a pathway other than that
involving PKA and cAMP-GEF2. In addition, we found that
whereas GIP had almost no effect on gut motility, GLP-1
significantly suppressed gastrointestinal transit (Fig. 3C).
Because the effect of GLP-1 is independent of the K,rp
channels, GLP-1 may well delay glucose absorption and
prevent a rise in blood glucose levels after glucose load in
Kir6.2~~ mice. Thus, GLP-1 is suggested to participate in
the postprandial glycemic control in K 7p channel-inde-
pendent manners by potentiating insulin secretion and by
delaying gastric emptying. Although the importance of the
K,rp channel in the potentiation of insulin secretion by
cAMP has been shown in SUR1 knockout mice (24,40), we
clarify here the involvement of the channel in the poten-
tiation of insulin secretion by GIP and GLP-1.

Although arginine treatment elicited impaired insulin
secretion, the insulin secretion of Kir6.2™/~ mice in re-
sponse to carbachol was intact, indicating that the exocy-
totic machinery of Kir6.2™/~ B-cells is intact and that the
cause of impaired insulin secretion differs according to the
stimulus (Fig. 6A-C). Insulin secretion is stimulated by
multiple signals in pancreatic B-cells, including nutrients
(carbohydrate, proteins, and fat), incretins (GIP and GLP-
1), and neuronal input (mainly cholinergic). Our results
indicate that mice lacking the Kir6.2 pore-forming subunit
of K,rp channels have an impaired insulin secretory
response to glucose, arginine, and GIP, whereas the insu-
lin secretion elicited by carbachol is comparable with that
in Kir6.2"" mice. Kir6.27/~ mice were also shown to
exhibit glucose intolerance and delayed insulin secretion
in response to mixed meal (Fig. 6C and D). The K,1p
channel thus plays an important role in regulating blood
glucose levels both after glucose load and after ingestion
of a mixed meal. The present study shows that the K, 1p
channel in pancreatic B-cells is required for the insulino-
tropic effects of GIP through the potentiation of glucose-
induced insulin secretion. In contrast, the potentiation of
insulin secretion by GLP-1 depends on K,p channel-
independent and —dependent mechanisms. The differing
pathways of the action of GLP-1 and GIP on both the
potentiation of insulin and gut motility might well account
for the differences seen in their therapeutic efficacy in type
2 diabetes.
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